18 Ne(α,p) 21 Na reaction is thought to be one of the key breakout reactions from the hot CNO cycles to the rp-process in type I x-ray bursts. In this work, the resonant properties of the compound nucleus 22 Mg have been investigated by measuring the resonant elastic scattering of 21 Na+p. An 89 MeV 21 Na radioactive beam delivered from the CNS Radioactive Ion Beam Separator bombarded an 8.8 mg/cm 2 thick polyethylene (CH2)n target. The 21 Na beam intensity was about 2×10 5 pps, with a purity of about 70% on target. The recoiled protons were measured at the center-of-mass scattering angles of θc.m.≈175.2
XRBs are characterized by a sudden increase of x-ray emission within only a few seconds to a total energy output of about 10 40 ergs, which is observed to repeat with some regularity. The recurrence time for single bursts can range from hours to days at the typical temperature of 0.4-2 GK. The bursts have been interpreted as being generated by thermonuclear runaway on the surface of a neutron star that accretes H-and He-rich material from a less evolved companion star in a close binary system. In XRBs, the hydrogen burning initially occurs via the hot CNO cycle (HCNO):
It was predicted [1, 2] that the 18 Ne waiting point nucleus in the second HCNO cycle could be bypassed by the 18 Ne(α,p) 21 Na reaction at T ≈0.6 GK, and subsequently, the reaction chain breaks out, eventually leading to the rp-process [6] [7] [8] . However, over stellar temperatures achieved in XRBs, this rate has not been sufficiently well determined.
The thermonuclear 18 Ne(α,p) 21 Na rate is thought to be dominated by contributions from resonances in the compound nucleus 22 Mg above the α threshold at Q α =8.142 MeV [9] . As for XRBs, the temperature region of interest is about 0.4-2.0 GK, corresponding to an excitation region of E x =8.6-11.0 MeV in 22 Mg. Görres et al. made the first estimate [10] of this rate with rather limited experimental level-structure information in 22 Mg. The energies for the 22 Mg resonances were estimated simply by shifting those of known natural-parity states in the mirror 22 Ne by a fixed amount (about 200 keV). The uncertainty of this first rate was mainly caused by the errors in resonant energies (or excitation energies) and resonant strengths of the excited states above the α threshold in 22 Mg. After that, the precise locations of the excited states in 22 Mg were studied extensively by many transfer reaction experiments. For example, Chen et al. [11] determined the excitation energies with a typical uncertainty of 20-30 keV in a 12 C( 16 O, 6 He) 22 Mg experiment. However, the spin-parity assignments assumed and the spectroscopic S α factors adopted following the idea of Görres et al. were still uncertain. Caggiano et al. [12] and Berg et al. [13] measured the excitation energies with a better precision (about 10-20 keV), but no spin-parity assignment was given. Later, Matic et al. [14] measured the excitation energies precisely by a 24 Mg(p,t) 22 Mg experiment, with uncertainty of about 1-15 keV achieved for most states above the α threshold; the spin-parity assignments were tentatively made based on the shell-model calculation or those of mirror states in 22 Ne. Thus, the thermonuclear 18 Ne(α,p) 21 Na rate was constrained very well in the resonant energy aspect. In a later 24 Mg(p,t) 22 Mg measurement, Chae et al. [15] observed six excited states in 22 Mg above the α threshold, and some spinparity assignments were made via an angular distribution measurement. However, the insufficient resolution of their measurement at the center-of-mass (c.m.) scattering angles of θ c.m. above 20
• made such J π assignments questionable [14] (e.g., the 8.495 MeV peak was contaminated by the nearby 8.572 and 8.658 MeV states as shown in their Fig. 3 ). In our previous experiment of 21 Na+p resonant elastic scattering [16, 17] , new spin-parity assignments were made only tentatively for the the 8.547 and 8.614 MeV states in 22 Mg due to low statistics. Those assignments gave a quite different rate for the 18 Ne(α,p) 21 Na reaction compared to the rate estimated in Chen et al. work [11] . Such tentative assignments clearly motivate further investigation.
A comparison of all available reaction rates of 18 Ne(α,p) 21 Na shows discrepancies of up to several orders of magnitude around T ∼1 GK [14] . So far, more than 40 levels (up to E x =13.01 MeV) have been observed above the α threshold in 22 Mg. Such high level density suggests that a statistical model approach might provide a reliable estimate of the rate. However, only natural-parity states in 22 Mg can be populated by the 18 Ne+α channel, and thus the effective level density will be considerably lower. It remains unclear whether the statistical-model calculations provide a reliable rate estimation in a wide temperature region [14] . There are still many resonances (above the α threshold) without firm spin-parity assignments, which need to be determined experimentally. As a consequence, the accuracy of the current 18 Ne(α,p)
21 Na reaction rate is mainly limited by the lack of experimental spin-parities and α partial widths Γ α (or spectroscopic factors S α ) of the resonances in 22 Mg above the α threshold.
So far, only two direct measurements [18, 19] for the 18 Ne(α,p) 21 Na reaction were reported. The lowest energies achieved in these studies (E c.m. =2.0 and 1.7 MeV) are still too high compared with the energy region E c.m. ≤1.5 MeV of interest for HCNO breakout in XRBs. New results [20] have recently become available, which determined the 18 Ne(α,p 0 ) 21 Na cross sections in the energy region of E c.m. =1. 19-2.57 MeV by measuring those of the time-reversal reaction 21 Na(p,α) 18 Ne in inverse kinematics. In addition, similar experiments were performed at the Argonne National Laboratory (ANL), but the results were only reported in the ANL annual reports [21] . The ANL cross section data are consistent with those in Ref. [20] . Nonetheless, these results are still insufficient for a reliable rate calculation at all temperatures encountered within XRBs. Recently, a new reaction rate was recommended based on the combined analysis of all literature data [22] . In this work, the 18 Ne(α,p) 21 Na rate is determined via the measurement of the resonant elastic scattering of 21 Na+p. This is an entirely new high-statistics experiment compared to the previous one [16, 17] . In the resonant elastic-scattering mechanism, 22 Mg is formed via the fusion of 21 Na+p as an excited compound nucleus, whose states promptly decay back into 21 Na+p. This process interferes with Coulomb scattering resulting in a characteristic resonance pattern in the excitation function [23] . With this approach, the excitation function was obtained simultaneously in a wide range of 5.5-9.2 MeV in 22 Mg with a well-established thick-target method [24] [25] [26] . In total, 23 states above the proton-threshold in 22 Mg were observed, and their resonant parameters were determined via an R-matrix analysis of the experimental data. Part of the experimental results previously reported in Ref. [27] is revisited through a more detailed analysis. The detailed experimental results presented here supersede those of Ref. [27] .
II. EXPERIMENT
The experiment was carried out at the CNS Radioactive Ion Beam separator (CRIB) [28, 29] , installed by the Center for Nuclear Study (CNS), University of Tokyo in the RIKEN Nishina Center. During the last decade, the radioactive ion beams (RIBs) produced at CRIB have been successfully utilized in the resonant scattering experiments with a thicktarget method [17, [30] [31] [32] [33] , which proved to be a successful technique as adopted in the present study. A schematic view of CRIB and the measurement setup are shown in Fig. 1 [34] . The gas was confined in a cylindrical chamber (length=80 mm, φ=20 mm) whose entrance and exit windows were each made of 2.5 µm thick Havar foils. The effective thickness of D 2 gas was about 2.86 mg/cm 2 at a pressure of about 530 Torr. The 21 Na beam was produced via the 20 Ne(d,n) 21 Na reaction in inverse kinematics, and separated subsequently by two dipoles and a Wien Filter. At the momentum dispersive focal plane (F1), a slit of ±5 mm was installed to remove the contamination from the secondary beam. After F1, the dipole selected the 21 Na 11+ particles at a mean energy of 5.9 MeV/nucleon with a momentum spread of ±0.3%. The Wien Filter was operated at a high-voltage of ±70 kV. Finally, a purity of about 70% was achieved for the 21 Na beam on the secondary target.
The setup in a scattering chamber at the experimental focal plane (F3) consisted of two parallel-plate avalanche counters (PPACs) [35] , an 8.8 mg/cm 2 thick polyethylene (CH 2 ) n target, and three sets of ∆E-E silicon telescopes. The PPACs measured the timing and two-dimensional position information of the incoming beam, and determined the beam position on the secondary target during the measurement. the beam identification plot is shown in Fig. 2 . It shows that the beam particles were clearly identified in an event-by-event mode. Here, T OF is the time-of-flight between PPACa and the RF signal from the cyclotron, which is equivalent to the beam flight time from F0 to F3. The beam position on the target (i.e., X target in Fig. 2 ) was determined by the hitting positions on the two PPACs. The beam impinged on an 8.8 mg/cm 2 polyethylene (CH 2 ) n target, which was thick enough to stop all the beam ions. Here, the energy of 21 Na beam was 89.4 MeV with spread of 1.95 MeV (FWHM) on the target. The beam-spot widths (FWHM) were 9.5 mm in horizontal and 4.8 mm in vertical directions. The horizontal and vertical angular spread (FWHM) were 10 mrad and 22 mrad, respectively. The averaged intensity of 21 Na beam was about 2×10
5 pps on the target.
The recoiled light particles were detected with three ∆E-E silicon telescopes at laboratory angles of θ lab Si ≈0
• (hereafter referred to as "Set 1"), +14
• ("Set 2") and -14
• ("Set 3") with respect to the beam line, respectively. These silicon detectors were produced by the Micron Semiconductor Inc. [36] . Each telescope subtended an opening angle of about 10
• with a solid angle of about 27 mSr in the laboratory frame. In the c.m. frame for elastic scattering, the averaged scattering angles of the telescopes correspond to θ c.m. ≈175.2
• (Set 1), 152.2 • (Set 2) and 150.5
• (Set 3), respectively. ∆E is the position sensitive double-sided-strip (16×16 strips, 3 mm width of each strip) detector, which measured the energy, posi- tion and timing signals of the light particles. The pad E detectors (1.5 mm thick) measured their residual energies. This allowed for the clear identification of recoiled particles as shown in Fig. 3 . The high-energy particles penetrating through ∆E can be identified by the ∆E-E method (see Fig. 3(a) ); the low-energy particles fully stopped in ∆E can be identified by the T OF -E method (see Fig. 3(b) ), where T OF is the time-of-flight between PPACb and ∆E. In this work, the energy calibration for the Si detectors was carried out by using secondary proton beams produced with CRIB and a standard triple-α source.
Experimental data with a C target (13.5 mg/cm 2 ) was also acquired in a separate run to evaluate the contributions from the reactions of 21 Na with C nuclei. The yield ratio of these two proton spectra [with (CH 2 ) n and C targets] was normalized by the number of beam particles and by the target thickness per unit beam energy loss in the corresponding targets [17, 32] .
III. RESULTS
For inverse kinematics, the center-of-mass energy E c.m. of the 21 Na+p system is related to the energy E p of the recoiling protons detected at a laboratory angle θ lab by [32] 
where A p and A t are the mass numbers of the projectile and target nuclei; this equation is valid only for an elastic scattering case. In practice, E p was converted to E c.m. by assuming the elastic scattering kinetics and considering the energy loss of particles in the target. A sample proton spectrum from the (CH 2 ) n target runs obtained at the scattering of θ c.m. ≈175.2 (Set 1) is shown in Fig. 4 . The proton spectrum with a 13.5 mg/cm 2 C target (C spectrum) is also shown for comparison. The C spectra can be described using smooth curves with respect to the energy in all three telescopes. These C spectra were normalized to the corresponding proton spectra with the (CH 2 ) n target using the number of beam particles and the number of C atoms per unit energy loss of the beam. The normalized yield in a C spectrum was about 1/6 of that in the (CH 2 ) n spectrum at maximum (see Fig. 4 ).
E (MeV) • (Set 1). The abscissa is scaled to the excitation energy in 22 Mg. The normalized carbon background spectrum is also shown for comparison.
The laboratory differential cross section (dσ/dΩ) for 21 Na+p scattering with energy E p and angle θ lab is deduced [32] through the proton spectrum by
where N is the number of detected protons, i.e., at energy interval of E p → E p + ∆E and scattering angle of θ lab , which are measured by a Si telescope covering a solid angle ∆Ω lab . I 0 is the total number of 21 Na beam particles that bombarded the (CH 2 ) n target, and is considered to be constant in the whole energy region. N s is the number of H atoms per unit area per energy bin in the target (dx/dE) [37] . The transformation of the laboratory differential cross sections to the c.m. frame is given by
Fig . 5 shows the c.m. differential cross sections for the resonant elastic scattering of 21 Na+p measured at angles of θ c.m. ≈175.2
• (Set 3), respectively. The dead-layer region shown in Set 1&2 is different from that in Set 3, simply because the thickness of ∆E1&2 (300 µm) is different from that of ∆E3 (65 µm). The fitting in the deadlayer region (between ∆ E and E detectors) are not reliable and removed from the figure. The abscissa is scaled by the excitation energies in 22 Mg, which are calculated by E x =E c.m. +Q p . As such, a value of Q p =5.504 MeV is adopted based on the updated masses of 21 Na and 22 Mg [9, 38] . Here, the energy resolution of E c.m. was determined by the resolution of the silicon detection system, the angular resolution of the scattering angle, as well as the energy width of the secondary beam and the particle straggling in the target material. Thereinto, the detector energy resolution dominates the total energy resolution of E c.m. in three telescopes. Based on a Monte-Carlo simulation, the overall energy resolution (FWHM) of E c.m. in Set 1 was estimated to be ∼30 keV, while those in Set 2&3 were about 30-70 keV (over E c.m. =0.5-4 MeV) because of the larger scattering angle resulting in the larger kinematics shifts. The error of the deduced cross-section is estimated to be 6%, which mainly arises from the statistical error of the proton yields and that of the target thickness. The deduced excitation energies in 22 Mg indicated on Fig. 5 are calculated by E x =E R +Q p , with resonance energy E R determined by the R-matrix analysis as discussed below. The present excitation energies agree with those adopted by Matic et al. within the uncertainties (see discussion below).
The center-of-mass (c.m.) differential cross-section data have been analyzed by a multichannel Rmatrix [39] code MULTI [40] . The overall R-matrix fits are shown in Fig. 5 .
A channel radius of R n =1.35(1+21 1 3 ) fm [10, 11] was adopted in the calculation. All possible R-matrix attempts were restricted to ℓ≤4, since resonances of higher ℓ transfer are invisible within the present resolution. Here, it is worth mentioning that the experimental data at Set 2&3 also support the J π assignments made for the Set 1, although following figures shown below are the R-matrix fits on the Set 1 data. The parameters for the resonances in 22 Mg deduced from the present R-matrix analysis (Set 1) are summarized in Table I . The excitation energies and spin-parities deduced from this work are compared to the previous ones in Tables II&III. In the following R-matrix fitting figures, the (red) solid lines are the best fits with the parameters listed in Table I . The details of the R-matrix analysis will be discussed in the following subsections.
Levels below the α threshold
Four states observed at 6.333, 6.591, 6.615, 6.796 MeV were well studied before [23] , and had been assigned as 1 eters determined in Ref. [23] , and hence the previous J π assignments are confirmed. Such agreement provides confidence in the present analysis.
The observed 6.885 MeV state is closest to the 6.876 MeV state in Ref. [14] and the 6.885 MeV state in Ref. [23] . Ruiz et al. [23] regarded it as a very weak state and excluded it from their R-matrix fitting. The present R-matrix fits for this state are shown in Fig. 6(a) . This weak-populated state (Γ p ≈2 keV) can be fitted reasonably by 1 − , 2 + and 3 − , but with 1 − being the most preferred assignment suggested by Matic et al..
Matic et al. observed four states at 7.027, 7.045, 7.060 and 7.079 MeV. In the present experiment, these states are located over the dead-layer region of Set 1&2 in which the data are not reliable for the R-matrix analysis. In Set 3, the energy resolution achieved is not able to resolve these four states. Therefore, these states are excluded from the present R-matrix analysis.
The 7.270 MeV state was tentatively assigned as [14, 17] . By varying the channel-spins, ℓ values and proton widths for these three assignments, we found none of these assignments can reproduce the experimental data well. The present R-matrix analysis supports a 1 − assignment for this state (see Fig. 6(b) ).
We have confirmed the existence of the 7.339 MeV state first identified by Matic et al. Fig. 6(c) Fig. 7(a) ) and 2
− (see Fig. 7(b) ).
Levels above the α threshold
The 18 Ne(α,p) 21 Na reaction rate is determined by the 22 Mg levels above the α threshold. The excitation energies of these levels were very well studied before (see Ref. [14] and references therein), but their spin- [17] . Here, this state is still able to be fitted by J π =(1 + -3 + ). We simply adopt the 2 + assignment suggested by Matic et al. Anyway its contribution to the total rate is negligible (see Table IV Fig. 10(a) 22 Mg levels above the proton threshold. The adopted values (energies and J π s) are mainly taken from Ref. [14] . The new J π values assigned in this work are marked by an * , while those assigned in Ref. [23] and Ref. [15] are marked by the # and $ symbols, respectively. The structure data for the mirror 22 Ne are adopted from Ref. [ 22 Ne by about 130 keV. In addition, a 2 + was tentatively assigned to the 8.61 MeV state in the previous low-statistics experiment [17] . As shown in Fig. 10(c) + assignment, and considered it the mirror 8.976 MeV state in 22 Ne. The present R-matrix analysis, however, suggests a 2 + for this state (see Fig. 10(d) ), the mirror of 9.045 MeV state in 22 Ne (see Fig. 8 Fig. 10(e) .
The spin-parity for the observed 8.922 MeV state Fig. 10(g) . For the 9.158 MeV state, both 2 + and 4 + can fit the experimental data as shown in Fig. 10(h) Fig. 8 .
IV. ASTROPHYSICAL IMPLICATIONS

The thermonuclear
18 Ne(α,p) 21 Na rate, when calculated via a full numerical integration of the energydependent cross section, deviates by less than 10% [22] from the rate calculated using a narrow resonance formalism [11, 14] . Such deviation is negligible compared to the total uncertainty (estimated below) of the present rate. In this work, the following narrowresonance formalism has been utilized for the rate calculations,
where µ is the reduced mass in units of amu, E i R and (ωγ) i (both in units of MeV) the energy and strength of individual resonance, T 9 the temperature in units of 10 9 K (i.e., GK). With the condition of Γ α ≪ Γ p ≈ Γ tot the resonant strength is calculated by
where J i is the spin of the resonance in the compound nucleus 22 Mg. The α-particle partial width is calculated by
Here, the isospin Clebsch-Gordan coefficient C for the 18 Ne+α system is 1. Our rate calculation depends critically on the spectroscopic factors S α of the resonances, which are not known experimentally. Similar to the method used by Matic et al., the corresponding α-spectroscopic factors are adopted from the mirror 22 Ne whenever available; while for the states without known S α values, the average S α values [i.e., S α (0
.05, and S α (4 + )=0.03] adopted by Matic et al. are utilized in the present calculations. Here, the errors of these adopted factors are estimated as the standard deviation of the S α factors for the states with same J π : they are σ(0
.02, and σ(4 + )=0.03, respectively. The Coulomb penetration factor P ℓ on resonance is given by
where k= √ 2µE R / is the wave number; F ℓ and G ℓ are the regular and irregular Coulomb functions, respectively.
The resonant parameters for the thermonuclear 18 Ne(α,p) 21 Na rate calculations are summarized in Table IV . In this calculation, all resonant energies E R (and their errors) and most of the strengths ωγ are adopted from the work of Matic et al. [14] and Mohr & Matic [22] . For those states assigned new J π values by this work, the strengths are recalculated (see Table IV ). Similar to the work of Mohr & Matic, the calculated rate is taken as N A σv reference . The uncertainty of the calculated rate is mainly caused by the errors in the resonant strengths ωγ; the uncertainty arising from those of the resonant energies contributes less than 12% over 0.1-3 GK. This is verified by the Monte-Carlo approach [42] . The two inverse measurements [20, 21] gave similar rates which are about 3 times lower than the reference rate at 0.8-2.7 GK [22] . As discussed in Ref. [22] , both calculations of the present work and the previous timeinverse measurement work are based on simple but reasonable arguments, if we assume the corresponding uncertainties do not exceed a factor of 2, there 21 Na rate calculation. The energies (Ex and ER) are exactly those adopted in Ref. [14] . e Resonant strength in Ref. [14] as adopted in the present work.
will be a relatively narrow overlap region between the lower limit of the present N A σv reference and the upper limit of the reverse reaction data. The most realistic estimate from the overlap is located around 0.55 × N A < σ v > ref erence , and is considered as the new recommended reaction rate: N A σv recommended [22] . Note that the factor of 0.55 has been derived from the comparison of transfer data and reverse reaction data at energies between 1-3 MeV, i.e., corresponding to temperatures above 1 GK where the Mohr & Matic rate is practically identical to the present calculated one (see Fig. 11(a) ). Thus, the normalization factor of 0.55 is retained since the previous work. The calculated N A σv recommended rate is summarized in Table V . As discussed by Mohr & Matic, the realistic lower limit of the recommended rate can be taken from the Salter et al. data (multiplied by a factor of 3 to take the ground-state branching into account), which is about three times lower than the reference rate [20] , and a realistic upper limit is the reference 
3.28×10
+03
rate N A σv reference . The ratios between our recommended rate and the one recommended in Ref. [22] are shown in Fig. 11(a) . It shows that the present rate is much smaller below 0.13 GK. This is due to the unnatural-parity 1 + newly assigned to the 8.385 MeV state which does not contribute to the rate anymore. In addition, the present rate is about 1.7 times larger around 0.2 GK, because of our new 2 + assignments for the 8.657 and 8.743 MeV states. Beyond 0.55 GK, the present rate is quite similar to the previously recommended one because the same resonant parameters for the highlying states were used. The contributions of those dominant resonances to the total rate are shown in Fig. 11(b) The impact of our new 18 Ne(α,p) 21 Na rate was examined within the framework of one-zone XRB postprocessing calculations [27] . Different XRB thermodynamic histories were employed, including the K04 (T peak =1.4 GK) and S01 (T peak =1.9 GK) models from Refs. [44, 45] . For each of these histories, separate postprocessing calculations were performed using the present 18 Ne(α,p) 21 Na rate and previous ones [10, 11, 14, 17] ; all other reaction rates in the network [44] were left unchanged.
Our previous conclusion [27] about the energy generation rate affected by this 18 Ne(α,p) 21 Na rate still holds with the present slightly changed rate. As concluded before, our new thermonuclear 18 Ne(α,p) 21 Na rate clearly affects predictions from our models. For example, a striking difference in the nuclear energy generation rate at early times (between 0.3 and 0.4 s, or equivalently, between 0.6 GK and 0.9 GK during the burst) has been seen when comparing XRB calculations using the present, Chae et al. and Görres et al. rates with the K04 model. Not only does the peak energy generation rate increase by a factor of 1.4-1.8 with the present rate, but the profiles of the curves around the maxima are also rather different (see Fig.  4 in Ref. [27] ).
We note that for both the K04 and S01 models, rates from Refs. [10, 11, 17] give lower peak nuclear energy generation rates than that from Chae et al., by about 10-30 %. Furthermore, the rate of Matic et al. gives rather similar results to those using the present rate. In particular, the calculated nuclear energy generation rates agree overall to about 5% [27] . Therefore, we only discuss below the impact of the Görres et al. and present rates on the reaction flux in the K04 model. We note a change in the 18 Ne(α,p) 21 Na reaction flux at the early times of the XRBs as shown in Fig. 12 . For example, at 0.35 s, this reaction flux increases by a factor of 2-3 with our new rate. This contributes to the depletion of 15 O and 18 Ne at that time by a factor of 3-4 relative to abundances calculated using the Görres et al. rate. These species are effectively converted to higher mass ones. Note, however, that no significant changes (>5%) to any final abundances with mass fractions X>10 −3 were observed when comparing the calculations using the two rates (our recommended one and Görres et al. one). Figure 13 shows the ratio of the reaction rates of 18 Ne(α,p) 21 Na to the β-decay of 18 Ne(β + v) 18 F [46] ,
here, τ 1/2 is the β-decay lifetime of 18 Ne, X α and m α are the mass fraction and atomic mass of α particle, assuming a typical density 10 6 g/cm 3 and α mass fraction of 0.27 of XRBs. It shows that present 18 Ne(α,p) 21 Na reaction dominates over the β-decay of 18 Ne at an onset temperature of T ≈0.57 GK. This critical temperature is noticeably lower than the temperature of T ≈0.68 GK with the rates from Refs. [10, 11, 15] , and hence it implies that this reaction initiates the breakout earlier than previously thought. Note, the above numbers 0.57 and 0.68 were, by mistake, presented as 0.47 and 0.60 in our previous publication [27] . 
V. SUMMARY
We have studied the resonant elastic-scattering of 21 Na+p using a radioactive ion beam of 21 Na with the thick-target method. The E c.m. spectra were reconstructed from the inverse kinematics. In total, 23 resonances above the proton-threshold in 22 Mg were observed. The relevant proton resonant parameters have been determined by the R-matrix analysis of the center-of-mass differential cross-section data at different scattering angles. The 18 Ne(α,p) 21 Na reaction rate is recalculated with the present parameters. A new recommended rate is given by combining the results from different experimental techniques, and our new rate deviates considerably from the recent recommended rate of Mohr & Matic below ∼0.55 GK.
The astrophysical impact of our new rate has been investigated through one-zone postprocessing x-ray burst calculations. Compared to previous rates in Refs. [10, 11, 15] , the new rate increases the energy production rate by factors of 1.4-1.8 at early time (between 0.3-0.4 s, or equivalently, between 0.6-0.9 GK during the burst) of the burst, and the 18 Ne(α,p) 21 Na reaction flux is also enhanced about two times at that time. The breakout onset temperature for this reaction occurs at around 0.57 GK, lowered by 0.11 GK due to the increase of the reaction rate.
Despite the different J π values adopted in the present and Matic et al. 18 Ne(α,p) 21 Na rate calculations (and the consequent differences in deduced thermonuclear rates), our models give very similar XRB nuclear energy generation rates. This suggests that J π values for relevant states in 22 Mg are, for the moment, sufficiently well known for our models. Future measurements should primarily focus on measuring other quantities of interest (such as spectroscopic factors, partial widths or the precise cross section data), which can further constrain this rate.
